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(57) ABSTRACT

A multiple 1input multiple output (MIMO) communication
system including a base station and at least one terminal may
adaptively transform a codebook. The terminal may calculate
one or more correlation matrices based on one or more sub-
channel matrices included in a channel matrix. The terminal
may feed back information for the base station to reconstruct
the one or more correlation matrices. The terminal may trans-
form a codebook stored 1in the memory of the terminal, based
on the one or more correlation matrices. The base station may
verily the one or more correlation matrices using the infor-
mation for the base station to reconstruct the one or more
correlation matrices. The base station may transform a code-
book stored in the memory of the base station such that the
transformed base station codebook 1s the same as the trans-
formed terminal codebook.
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MULTIPLE INPUT MULTIPLE OUTPUT
COMMUNICATION SYSTEM AND
COMMUNICATION METHOD OF

ADAPTABLY TRANSFORMING CODEBOOK

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit under 35 U.S.C. §119
(¢) of a U.S. Provisional Application No. 61/106,650, filed
Oct. 20, 2008, and the benefit under 35 U.S.C. §119(a) of a
Korean Patent Application No. 10-2009-00857724, filed Sep.
11, 2009, 1n the Korean Intellectual Property Office, the entire
disclosures of which are incorporated herein by reference for

all purposes.

BACKGROUND

1. Field

The following description relates to a multiple 1nput mul-
tiple output (MIMO) communication system, a codebook and
a method of adaptably transforming the codebook.

2. Description of the Related Art

Studies are being conducted on various types of multime-
dia services such as voice services that can support high
quality and high speed data transmission 1n a wireless com-
munication environment. Technologies associated with a
multiple imnput multiple output (MIMO) communication sys-
tem using multiple channels in a spatial area are 1n rapid
development.

In a MIMO communication system, a base station and
terminals may use a codebook. A particular space may be
quantized 1nto a plurality of vectors or matrices. The plurality
of vectors and/or matrices that are generated by quantizing
the particular space may be stored in the base station and the
terminals as the codebook.

For example, a terminal may select any one codeword from
a plurality of codewords included in the codebook. The
selected codeword may be based on a channel that 1s formed
between the base station and the terminal. The base station
may also recognize the selected codeword based on the code-
book. The selected codeword may be used as a beamiorming
vector to generate a transmission signal between the base
station and the terminal.

The design of a codebook 1s an 1mportant 1ssue 1n the
MIMO communication system. For example, it may be effec-
tive to design the codebook to be consistent with a variable
channel environment. In particular, even 1n an environment
where there 1s some constraint on a number of feedback bits,
it 1s possible to enhance a throughput of the MIMO commu-

nication system, and to decrease a quantization error using a
codebook.

SUMMARY

In one general aspect, there 1s provided a communication
method of a recerver, the method including calculating a
channel matrix between the receiver and a transmitter, calcu-
lating one or more correlation matrices corresponding to the
channel matrix between the receiver and the transmitter, and
teeding back information for the transmitter to recognize the
one or more correlation matrices.

The calculating a channel matrix may further include
decomposing the channel matrix into at least two subchan-
nels, and the calculating comprises calculating at least two
correlation matrices that correspond to the at least two sub-
channel matrices.
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The decomposing may include decomposing the channel
matrix into the at least two subchannel matrices 1s based on at
least one of the polarization of one or more transmit antennas
installed 1n the transmitter, and the polarization of one or
more recetve antennas installed 1n the receiver.

The method may further include decomposing each of the
one or more correlation matrices 1nto a plurality of sub
blocks, normalizing a power of the sub blocks 1included in
cach of the one or more correlation matrices using normal-
ization factors, and feeding back to the transmitter informa-
tion associated with the normalization factors.

The method may further include unitying the normaliza-
tion factors into at least one value to generate information
associated with the normalization factors.

The method may further include generating information
for the transmuitter to reconstruct the at least two correlation
matrices that are associated with a plurality of sub blocks
included 1n each of the at least two correlation matrices.

The generating may include calculating a sum or an aver-
age between a plurality of sub blocks included in a particular
correlation matrix, and another plurality of sub blocks
included 1n at least one other correlation matrix, to generate
information for the transmitter to reconstruct the at least two
correlation matrices.

The generating may include generating information for the
transmitter to reconstruct the at least two correlation matrices
using a symmetry of each of the at least two correlation
matrices.

The feeding back may include feeding back information
for the transmitter to reconstruct the one or more correlation
matrices so that the transmitter transforms a first codebook to
a second codebook.

The method may further include transforming a first code-
book to a second codebook using the one or more correlation
matrices.

The method may further include selecting a preferred vec-
tor or a preferred matrix using the second codebook, and
teeding back to the transmitter information associated with
the preferred vector or the preferred matrix.

In another general aspect, there 1s provided a communica-
tion method of a transmitter, the method including receiving
information for the transmitter to reconstruct one or more
correlation matrices corresponding to a channel matrix
between a receiver and the transmuitter, recognizing the one or
more correlation matrices using the information recerved for
the transmitter to reconstruct the one or more correlation
matrices, and transforming a first codebook to a second code-
book using the one or more correlation matrices.

The method may further include generating a precoding,
matrix using the second codebook.

The recerving may include receiving information for the
transmitter to reconstruct at least two correlation matrices
corresponding to at least two subchannel matrices included 1in
a channel matrix, and the recognizing comprises recognizing
the at least two correlation matrices.

The recognizing may include recognizing the at least two
correlation matrices using a symmetry of each of the at least
two correlation matrices.

The information for the transmitter to reconstruct the at
least two correlation matrices may be associated with a sum
or an average between a plurality of sub blocks, included 1n a
particular correlation matrix, and another plurality of sub
blocks, included 1n at least one other correlation matrix.

The method may further include recerving information
associated with normalization factors that are used to normal-
ize a plurality of sub blocks included in each of the one or
more correlation matrices.
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Information associated with the normalization factors may
be associated with at least one value used to unily the nor-
malization factors.

In still another general aspect, there 1s provided a com-
puter-readable recording medium storing a program to imple-
ment a method including calculating a channel matrix
between a recerver and a transmuitter, calculating one or more
correlation matrices corresponding to the channel matrix
between the recetver and the transmitter, and feeding back
information for the transmitter to recognize the one or more
correlation matrices.

In yet another general aspect, there 1s provided a receiver
including a channel matrix calculator to calculate a channel
matrix, a correlation matrix calculator to calculate one or
more correlation matrices corresponding to the channel
matrix between the receiver and a transmuitter, and a feedback
unit to feed back information for the transmitter to reconstruct
the one or more correlation matrices.

The channel matrix calculator may calculate a channel
matrix and decomposes the channel matrix into at least two
subchannel matrices.

The recerver may further include a power normalization
unit to normalize a power of sub blocks included 1n each of the
one or more correlation matrices using normalization factors,
wherein the feedback unit feeds back information associated
with the normalization factors.

The recerver may further include an information generator
to generate information for the transmaitter to reconstruct the
one or more correlation matrices that are associated with a
plurality of sub blocks included 1n each of the one or more
correlation matrices.

The receiver may further include a codebook transforma-
tion unit to transform a first codebook to a second codebook
using the one or more correlation matrices.

The recerver may further include a selector to select a
preferred vector or a preferred matrix using the second code-
book, wherein the feedback unit feeds back, to the transmaitter,
information associated with the preferred vector or the pre-
ferred matrix.

Where codewords included 1n the first codebook include at
least two vectors, the codebook transformation unit may
transiorm the first codebook to the second codebook by mak-
ing at least two correlation matrices of the one or more cor-
relation matrices, correspond to the at least two vectors.

In st1ll yet another general aspect, there 1s provided a trans-
mitter including an information receiver to receive mforma-
tion for the transmuitter to reconstruct one or more correlation
matrices corresponding to a channel matrix between a
receiver and the transmitter, a correlation matrix recognition
unit to recognize the one or more correlation matrices using,
the information for the transmitter to reconstruct the one or
more correlation matrices, and a codebook transformation
unit to transform a first codebook to a second codebook using,
the at least two correlation matrices.

The transmitter may further include a precoder to generate
a precoding matrix using the second codebook.

Where codewords included 1n the first codebook include at
least two vectors, the codebook transformation unit may
transiorm the first codebook to the second codebook by mak-
ing at least two correlation matrices of the one or more cor-
relation matrices, correspond to the at least two vectors,
respectively.

Other features and aspects will be apparent from the fol-

lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram 1illustrating an exemplary multi-user
multiple input multiple output (MIMO) communication sys-
tem.
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FIG. 2 1s a conceptual diagram illustrating another exem-
plary multi-user MIMO communication system.

FIG. 3 1s a flowchart 1llustrating an exemplary method of
transforming a codebook by a base station and a terminal.

FIG. 4 1s a block diagram 1llustrating an exemplary termi-
nal.

FIG. 5 1s a block diagram illustrating an exemplary base
station.

Throughout the drawings and the detailed description,
unless otherwise described, the same drawing reference
numerals will be understood to refer to the same elements,
teatures, and structures. The relative size and depiction of
these elements may be exaggerated for clanty, illustration,
and convenience.

DETAILED DESCRIPTION

The following detailed description 1s provided to assist the
reader 1n gaining a comprehensive understanding of the meth-
ods, apparatuses, and/or systems described herein. Accord-
ingly, various changes, modifications, and equivalents of the
systems, apparatuses, and/or methods described herein waill
be suggested to those of ordinary skill in the art. Also, descrip-
tion of well-known functions and constructions may be omit-

ted for increased clarity and conciseness.

Heremafiter, exemplary embodiments will be described 1n
detail with reference to the accompanying drawings.

FIG. 1 illustrates an exemplary multi-user multiple input
multiple output (MIMO) communication system.

The multi-user MIMO communication system includes a
base station 110, and a plurality of users (user 1, user 2, user
n )120,130, and 140. As referred to herein, a user 1s the same
as a terminal. In this exemplary system a plurality of users are
present, but 1t will be appreciated that only one user may be
present in the system. One or more antennas may be installed
in the base station 110. A single antenna or a plurality of
antennas may be installed in each of the plurality of users 120,
130, and 140. Channels may be formed between the base
station 110 and each of the users 120, 130, and 140. For
example, a channel may be formed between base station 110
and user 120, a channel may be formed between base station
110 and user 130, and a channel may be formed between base
station 110 and channel 140. The base station 110 may com-
municate with the users 120, 130, and 140 via the formed
channels.

The base station 110 may transmuit at least one data stream
to the plurality of users 120, 130, and 140. The base station
110 may perform beamforming for the data streams accord-
ing to a spatial division multiplex access (SDMA) scheme to
thereby generate a transmission signal. The base station 110
may generate a precoding matrix based on a codebook, and
generate a transmission signal based on the generated precod-
Ing matrix.

The base station 110 may transmit a well-known signal
such as a pilot signal to the plurality ofusers 120,130, and 140
via downlink channels. The users 120, 130, and 140 may
recerve the pilot signal to estimate a channel H, that 1s formed
between the base station 110 and each individual user 120,
130, and 140. In this example, k denotes a user index. The
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users 120, 130, and 140 may select, as a preferred vector or a
preferred matrix

any codeword from a codebook including a plurality of code-
words, based on the estimated channel H,. For example, the
codebook may include a plurality of vectors for a case where
a commumnication rank 1s 1, and may include a plurality of
matrices for a case where the transmission rank 1s greater than

1. In

u, denotes an i”” codeword included in the codebook, and B
denotes a number of feedback bits. Where the number of
feedback bits is B bits, 2° codewords may be generated by
quantizing a space and the codewords may be stored 1n the

codebook.

The users 120, 130, and 140 may Seleet as the preferred
vector or the preferred matrix {u,} _ 12 , any one vector or
matrix from the 2° codewords, based on various types of
conditions.

For example, the users 120, 130, and 140 may select, as the

B
preferred vector or the preferred matrix {u,}._,”, any one

codeword from the 2° codewords, based on an achievable
data transmission rate or a signal-to-interference and noise

ratio (SINR) The users 120,130, and 140 may also determine

the user’s own preferred transmission rank. In this example,
the transmission rank denotes a number of data streams. For

example, a user having the transmission rank greater than 1

may select the preferred matrix. A user having the transmis-
sion rank 1 may select the preferred vector.

The users 120, 130, and 140 may feed back, to the base
station 110, 1r1fermat1011 associated with the selected pre-
ferred vector or the preferred matrix {u,}._,* . Information
associated with the preferred vector or the preferred matrix
may be referred to as channel direction information (CDI).

The base station 110 may receive information associated
with the preferred vector or the preferred matrix {u,}._ 12
received from the users 120, 130, and 140, and may determine
a precoding matrix {W,} kzlk: X The base station 110 may
select one or more of the users 120, 130, and 140 according to
various types ol user selection algorithms, for example, a
semi-orthogonal user selection (SUS) algorithm, a greedy
user selection (GUS) algorithm, and the like.

The same codebook that 1s stored 1n the plurality of users
120, 130, and 140, may be stored 1n the base station 110.

The base station 110 may determine the precoding matrix
fw,}._ “* from the stored codebook, based on information
asseelated with the preferred vector or the preferred matrix
ful._°  that is received from the plurality of users 120, 130,
and 140. For example, the base station 110 may determine the
preeedmg matrix {W,},_ “~* to maximize a total data trans-
mission rate, that 1s, a sum rate.

The base station 110 may precode data streams S, and S,;
based on the determined precoding matrix {W,} ;Hk_ % to
generate the transmission signal. A process of generating the
transmission signal by the base station 110 may be referred to
as “beamiorming.”

The channel environment between the base station 110 and
the plurality of users 120, 130, and 140 may be vanable.
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Where the base station 110 and the plurality of users 120, 130,
and 140 use a fixed codebook, 1t may be difficult to adapt to

the varying channel environment. For example, where the
codebook 1s fixed, the plurality of users 120, 130, and 140

may feed back, to the base station 110, information associated
with the preferred vector or the preferred matrix. Based on
this information, the base station 110 may determine a set of
users and a matrix made of selected vectors that 1s most

approprate for the channel environment at that time. How-
ever, the channel environment 1s not always a stable environ-
ment, for example, because of user mobility, removal of users,
addition of users, and various other factors. Thus, the channel
environment may change to a point where the set of users
selected and the matrix of vectors selected 1s no longer the
most appropriate.

Accordingly, there 1s a need for technology that may adap-
tively cope with the channel environment to enhance a per-
formance of the multi-user MIMO communication system.

FIG. 2 illustrates a conceptual diagram of a multi-user
MIMO communication system according to an exemplary
embodiment.

The multi-user MIMO communication system includes a
base station 210 and a plurality of users (user 1, user 2, user
n, ) 220, 230, and 240.

As described above with reference to FIG. 1, the base
station 210 may transmuit pilot signals to the plurality of users
220, 230, and 240. The users 220, 230, and 240 may estimate
channels, formed between the base station and each indi-
vidual user 220, 230, and 240, based on the pilot signal, and
may calculate a channel matrix H,, where k denotes a user
index.

The users 220, 230, and 240 may calculate a correlation
matrix R, of the channel matrix H, based on the calculated
channel matrix H,. The correlation matrix R, may be calcu-

lated as 1illustrated by the following Equation 1:

(1)

1 T
Ro(0)= = ) Hl!(1= DHi(t - ),
j=0

where H,(t) denotes a channel matrix of a channel that 1s
estimated 1n a time t and T denotes a time slot corresponding
to a calculation target of the correlation matrnix R,.
Averaging over the frequency domain 1s 1illustrated in the
tollowing Equation 1-1:

Il g (1-1)
Ri(1) = ?FZZH;{ (1=, [YHe(t = j, [).

In this example, H,(t,1) denotes the channel matrix at time t
and frequency 1.

It can be known from the above Equation 1 and Equation
1-1 that the correlation matrix R, expresses a statistical char-
acteristic with respect to a change of the channel matrix H,.
Where the statistical characteristic with respect to the change
of the channel matrix H, 1s known, adapting a codebook
according to the change of the channel matrix H, may
decrease a quantization error and may also enhance a perfor-
mance of the MIMO communication system in comparison to
the fixed codebook.

In this example, the users 220, 230, and 240 may verity the
varying channel environment based on the calculated corre-
lation matrix R, and adaptively change the codebook based
on the verified channel environment based on the calculated
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correlation matrix. For example, a first codebook used by the
base station 210 and the plurality of users 220, 230, and 240
may be transformed to a second codebook based on the cor-

relation matrix R,.

The codebook used by the users 220, 230, and 240, and the
base station 210 may be transformed using various types of
schemes based on the correlation matrix R ;.. For example, the
users 220, 230, and 240 may calculate the correlation matrix
R,=E{H,”"H,} as illustrated by the above Equation 1, and
may feed back, to the base station 210, information associated
with the calculated correlation matrix R,. In this example,
E{x} denotes an expectation of x. In this example, the users
220, 230, and 240 may transiform a base codebook C to a
transformed codebook T(R,, C). The base codebook C cor-
responds to a well-known fixed codebook. The base station
210 may verity the correlation matrix R, based on informa-
tion associated with the correlation matrix R,, and may gen-
erate the same codebook as the transtormed codebook T(R,
C) that 1s included 1n each of the users 220, 230, and 240.

The users 220, 230, and 240, and the base station 210 may
verily a statistical characteristic of a channel by calculating a
correlation matrix according to the aforementioned scheme,
and may adaptively use the transtormed codebook T(R,, C)
based on the venfied statistical characteristic of the channel
that may be applied to the channel matrix H, having =N(O,
R). The channel matrix H, may be Rayleigh fading having
=N(0, R).

In some embodiments, the statistical characteristic of the
channel 1s not the Rayleigh fading, but 1s rather Ricean fading
where the channel matrix H, has N(H, R,). When Ricean
fading 1s used, or where antennas are dual polarized, it may be
inappropriate to use the correlation matrix, calculated accord-
ing to the aforementioned scheme, in order to generate the
adaptively transformed codebook.

A dual polarized channel example 1s explained below. N(a,
b) denotes a normal distribution with an average a and a
variance b. Where transmit antennas installed in the base
station 210, or receive antennas installed in the users 220,
230, and 240 are dual polarized, a channel matrix H of a
particular user may be modeled to

Hy 11

i GHW,ZI

@HW,IZ _

H, 2

In this example, v denotes a value that is 1n inverse proportion
to a cross polarization discrimination value (XPD), and
O=y=1. The channel matrix H may have an independent but
non-identical distribution. A corresponding correlation
matrix may be calculated using R=E{H“H}=(1+y)I,,. The
correlation matrix of the channel may be expressed as real-
number folds of a unitary matrix. Therefore, although the
base codebook C 1s transformed based on the correlation
matrix, a channel characteristic of the dual polarization may
be barely reflected. Accordingly, 1t may be inappropriate to
apply the aforementioned codebook transformation scheme
to a dual-polarized channel.

Hereinafter, a codebook transformation scheme applicable
to a Rayleigh fading channel and the dual-polarized channel
will be described 1n detail.

Calculation of a Correlation Matrix

As described above, where a channel matrix between a
base station and a particular terminal 1s H, to calculate a
correlation matrix using the above Equation 1 in order to
transform a codebook may not have an effective result at all
times.
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Channel Estimation:

A terminal may estimate a channel between the terminal
and a base station using a well-known signal transmitted from
the base station.

Labeling:

The terminal may label transmit antennas of the base sta-
tion or receive antennas of the terminal according to each
polarization.

For example, 1n a dual-polarization case, among n, receive
antennas, indexes of receive antennas corresponding to one
polarization, for example, a vertical polarization may be
listed from 1 through n /2. Indexes of recetve antennas cor-
responding to another polarization, for example, a horizontal
polarization may be listed from n /2+1 through n,. Where the
receive antennas are single-polanized, the indexes of the
receive antennas may not need to be labeled using a particular
scheme or 1n a particular order. For example, the receive
antennas may be randomly grouped into two groups. The
receive antennas corresponding to 1 through n /2 may be
mapped to one group list, and the recerve antennas corre-
sponding to n,/2+1 through n, may be mapped to another
group list. Also, among n, transmit antennas, indexes of trans-
mit antennas corresponding to one polarization, for example,
the vertical polarization may be listed from 1 through n/2.
Indexes of transmit antennas corresponding to another polar-
1zation, for example, the horizontal polarization may be listed
from n/2+1 through n, Where the transmit antennas are
single-polarized, the indexes of the transmit antennas may not
need to be labeled using a particular scheme or 1n a particular
order. For example, the transmit antennas may be randomly
grouped into two groups. The transmit antennas correspond-
ing to 1 through n/2 may be mapped to one group list, and the
transmit antennas corresponding to n/2+1 through n, may be
mapped to another group list.

Construction of a Channel Matrix:

Where the transmit antennas of the base station or the
receive antennas of the terminal are labeled according to each
polarization, the terminal may construct a channel matrix H

including two subchannel matrices, as illustrated by the fol-
lowing Equation 2. In this example, the channel matrix H
including at least two subchannel matrices may be repre-
sented as:

o)

In this example, an element corresponding to an i”” row and
a i column of H denotes a channel coefficient between a
receive antenna of an index 1 and a transmit antenna of an
index j.

Calculating of at Least Two Correlation Matrices:

Where the channel matrix including at least two subchan-
nel matrices are constructed as shown 1n the above Equation
2, the terminal may calculate a correlation matrix correspond-
ing to each of the at least two subchannel matrices.

For example, a correlation matrix R, corresponding to a
subchannel matrix H, and a correlation matrix R, corre-
sponding to a subchannel matrix H, may be calculated as
illustrated by the following Equation 3:

(2)

Rle{HIHHI}

R,=E{H,"H,} (3).
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Where the transmit antennas are single-polarized, R, =R.,.

Feedback of a Correlation Matrix

Where one or more correlation matrices are calculated,
information for the base station (BS) transmitter to recon-
struct the one or more correlation matrices may need to be fed
back from a terminal to a base station. For example, the
terminal may obtain a transformed codebook based on the
one or more correlation matrices. The base station may verily
the one or more correlation matrices based on information for
the BS transmitter to reconstruct the one or more correlation
matrices, and may obtain the same transformed codebook.

According to an exemplary embodiment, the terminal may
provide technology that may effectively feed back informa-
tion for the BS transmitter to reconstruct the one or more
correlation matrices.

In an exemplary embodiment, two correlation matrices R,
and R, are calculated. The terminal may quantize the corre-
lation matrix R, and the correlation matrix R, and feed back,
to the base station, information associated with the quantized
correlation matrix R, and the correlation matrix R,. The
above scheme may need a great amount of feedback over-
heads. In particular, in many scenarios, R, =R, and thus itmay
be 1netl

ective to quantize the correlation matrix R, and the
correlation matrix R, and to feed back, to the base station, the
entire information associated with both the correlation matrix
R, and the correlation matrix R.,.

The terminal may perform the following procedures to
decrease feedback overhead:

Decomposition of a Correlation Matrix:

The correlation matrix R, and the correlation matrix R,
may have a symmetry. By using the symmetry of each of the
correlation matrix R, and the correlation matrix R, the ter-
minal may decrease the feedback overhead needed to inform
the base station about the correlation matrix R, and the cor-
relation matrix R.,.

The correlation matrix R, and the correlation matrix R,
may be decomposed into a plurality of sub blocks, for

example, four sub blocks as illustrated by the following Equa-
tion 4:
Riin Rip (4)
R, = F{HH} = [ ’ ’ ]
l L H Ri21 Kip
11 Rop2
R:E{H”H}:[ ’ ’ ]
i 2 Koo Raao

Power Normalization of Sub Blocks:

Where each of the correlation matrix R ; and the correlation
matrix R, 1s decomposed nto a plurality of sub blocks, for
example, four sub blocks, a power of the four sub blocks may
be normalized, as illustrated by the following Equation 5:

ﬁfﬁE:%iﬁfRi kI (5).

In this example %..x; denotes a real scalar as a normaliza-
tion factor, and is determined to satisfy Tr{IR, Wl yn/2,
where Tr{ } denotes a trace function.

Averaging:

Where f{f: ;18 calculated, the terminal may calculate a sum
or an average between sub blocks included 1n the correlation
matrix R, and sub blocks included 1n the correlation matrix
R,, to decrease the feedback overhead.

For example, the terminal may calculate a plurality of
values as 1llustrated by the tollowing Equation 6. In particu-
lar, four y, ,, may be unitied into y,. S1x R, ARy Ay be
unified into Rﬂjl 1 Ra 5+, and RﬂI . 1he calculated values may
be illustrated by the followmg Equation 6:
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10

) I ) (6)
Ka11 = E[Rl 1+ Ry |
. 1
Ra22 = E[Rl 2+ Ro |
. 1
Ra12 = E[Rl 12+ ko 12|
v = l[,’{l,zz N )(2,11]
“ 2y xezl

[ !

The terminal may quantize ﬁa 115 R0, Ry, 15, and g, and
shown in the above Equation 6, and may feed back to the base
station, the quantized R 11 Rﬂﬂzz, Ra: 1, and y_, as informa-
tion associated with the correlation matrix R, and the corre-
lation matrnx R..

The base station may reconstruct the correlation matrix R,
and the correlation matrix R, based on the quantized f{aallj
f{ﬂ s ﬁa .~ and y_, which 1s illustrated by the following
Equatlon 7. The terminal may also reconstruct the correlation
matrix R, and the correlation matrix R, based on Ra - Ragzzj
Rg:l 5, and . that are calculated using the above Equation 6.
Equation 7 may follow as:

o R, 11 V Xa Ea,lz _ (7)
1 = -
V X R.g 12 XGR-:I,ZZ
o _ Xﬂﬁall V Xa Ea,lZ _
2= ~ .
VY Ra 12 Rg20

It can be known from the above Equation 7 that the terminal
and the base station may share the correlation matrix R, and
the correlation matrix R, by sharing Ra 15 Raﬂzz, Ra? .-, and
.. Because the base station and the terminal may share the
correlation matrix R, and the correlation matrix R, the base
station and the terminal may obtain the same transformed
codebook.

The terminal may perform the following procedures to
decrease the feedback overhead.

Decomposition of a Correlation Matrix:

The correlation matrix R, and the correlation matrix R,
may have a symmetry. By using the symmetry of each of the

correlation matrix R, and the correlation matrix R.,, the ter-
minal may decrease the feedback overhead required to inform
the base station about the correlation matrix R, and the cor-
relation matrix R.,.

The correlation matrix R, and the correlation matrix R,
may be decomposed into four sub blocks as illustrated by the
tollowing Equation 7-1:

= E{H{ H,}

- [31,11 Rl,lz}

Ri21 Ry

(7-1)

R, = F{Hy H,)
- [Rz,u Rz,u}
Roo1 Koo

R=FH"H

_[Ru Rlz}
Ryl Ra
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-continued
Ri12 ] [ Rr11 Kopo }
_I_

Ry Roo1 Koo

Power Normalization of Sub Blocks:

Where each of the correlation matrix R, and the correlation
matrix R, 1s decomposed into four sub blocks, a power of the
four sub blocks may be normalized as illustrated in the fol-
lowing Equation 7-2:

ﬁiﬁE:%i,HRi kI (7-2).

In this example, 7, ,; denotes a real scalar as a normaliza-
tion factor to satisfy TI'{IRI o }=n/2, where Tr{ } denotes a
trace function.

Power Normalization of a Channel Correlation Matrix:

Where the correlation matrix R 1s decomposed into four
sub blocks, a power of the four sub blocks may be normalized
as given by the following Equation 7-3:

[~

. Ry, Ry
R=nR/THR} = ]

Ky Koy

(7-3)

where Tr{ } denotes the trace function.

Averaging:

Where y, ;;1s calculated, the terminal may unify a plurality
of y, ,; values 1nto 7, to decrease the feedback overhead, and
teed back the unified i, to the base station. ¥ may be 1llus-
trated by the following Equation 7-4:

(7-4)

1 [){1,22

Y= . X2.11 }
X1,11

2 X222

The terminal may quantize R and  disclosed in the above
Equation 7-3 and Equation 7-4, respectively, and may feed
back the quantized R andy _ to the base station as information
associated with the correlation matrix R, and the correlation
matrix R,.

The base station may reconstruct the correlation matrix R,
and the correlation matrix R, based on the quantized R and y_,

{ RXVCl
IRTve 1l

which may be illustrated by the following Equation 7-5. The
terminal may also reconstruct the correlation matrix R, and
the correlation matrix R, based on R and y that are calculated
using the above Equation 6. Equation 7-5 may follow as:

- veRu Ve Rz (7-3)
Ry, = n )
Ve Rpp K22

10

15

20

25

30

35

40

Rx”cl N2

12

-continued
_ ){aﬁu V Xa ﬁlz

=
I~
|

Accordingly, the base station and the terminal may share
the correlation matrix R, and the correlation matrix R, by
sharing R and 5 . Because the base station and the terminal
may share the correlation matrix R ; and the correlation matrix
R, the base station and the terminal may obtain the same
transformed codebook.

Transformation of a Codebook

The base station and the terminal may share the correlation
matrix R, and the correlation matrix R,. The transformed
codebook may be obtained as a function of the correlation
matrix R, and the correlation matrix R.,.

The transformed codebook may be obtained using various
types of schemes. For example, the transformed codebook
may vary based on the base codebook C.

In this example, the base codebook C varies according to
the correlation matrix R, and the correlation matrix R,. The
base codebook C may be defined 1n an Institute of Electmcal
and Electronics Engineers (IEEE) 802.16e standard or an
IEEE 802.16m standard. The base codebook C may include N
codewords, for example, v,, v,, V5, . . . Vo The base station
and the terminal may divide the base codebook C into two
subsets C, and C,, each including N/2 codewords. For
example, the subsets C, and C, may be constructed so that a
minimum chordal distance may increase between codewords
Veois - - Y v ncluded in the subset C ), and a minimum
chordal distance may increase between codewords
Vi -5 Ve, Included in the subset C,. The transtormed

codebook may be expressed by the following Equation 8:

Rove, v

Rave, 2VC,, (8)
IR3ve, vl )

X
Rive, v

IRTve, wall” IRSve, 1l

Rive, i
IR{ve Al
1

x=1, =, ... .

2

In this example, a calculation complexity at the base station
or the terminal may be adjusted according to x.
Where the ftransmit antennas are single-polarized,

R,=~R,=R. The above Equation 8 may be expressed by the
following Equation 9:

REVCZ,I (9)

Ryve, wp

R ve, vl IR ve, il

55

60

65

RS Ve, vl }

RY*y,
IRYZvi]|”

RYyy,
CNIRYEvn )

A second scheme to obtain the transformed codebook may
initially design the base codebook C and then be applied to the
base codebook C to transtorm the codebook. For example, the
subset C, including the codewords V. ,..., Vo . andthe
subset C, including the codewords V-, ...,V A, may be
initially designed and then the base codebook C including the
codewords {v,, Vu, Vi, . . . Vo=V s - - - s Ve v
Veis-s Ve Nz} may be designed. In this example, the base
station and the terminal may design the base codebook C, the
subset C,, and the subset C,, so that the mimimum chordal
distance between codewords belonging to each of the base
codebook C, the subset C,, and the subset C, 1s suificiently
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large. The base station and the terminal may obtain the trans-
formed codebook based on the base codebook C, which may
be illustrated by the following Equation 10:

|

X k4
R}fvcbl R VC(,Nj2 R2V62,1 REVCZ,NHZ

IR ve, allm IR ve well IRSve, il " IR ve, wpall

} (10)

Rive, 1

|

ol

Rovy
IRZvell”

{

Rive, w2

14
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Where the transmit antennas are single-polarized,
R,~R,=R. The above Equation 10 may be expressed by the
following Equation 11:

Ryve, .1 Ryve, w2 (11)

IR ve il " IR ve w2l IBve, 1l 7 IR ve, w2l
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RY2y, RY2vy

IRYZvy]l” " lIRY 2wyl

| /

The following Equation 12 through Equation 14 illustrate
how each transformed codebook may be different to each
other with respect to various types of schemes of calculating
the channel correlation matrix.

Where the correlation matrix 1s calculated using
R,=E{,”h, }=diag{1,1,%,x}, the transformed codebook may
be expressed by the following Equation 12:

Riv| Rivy
IRTvill” " IIRTwll

(12)

{ }

{ diagll, 1, Vv, Vv Iy diagll, 1, Vx , Vx vy
e 3
|[diagll, 1, Vx . vV x vi| |diagll, 1. Vx . Vx bvl|,

1
2!‘

Where the correlation matrix 1s calculated ™ using
R,=E{h,”h,}=diag{x.x,1,1}, the transformed codebook
may be expressed by the Ifollowing Equation 13:

(13)

diaglVx . Vx. L 1w diaglVy . V. L Loy

IR3vwll

}

 een -
{Hdiag{x/? V.1 1y |diag{Vx , Vx . 1, Ljwa|,
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Where the channel correlation matrix 1s calculated using
R=E{H”H}=(1+y)], the transformed codebook may be
expressed by the following Equation 14:

RXVN

(14)
TR = e

{ Rxb’l
RSl

, VA }s
10

Generally, a principle where the base station and the ter-
minal may generate the transformed codebook may be

16

A codeword C, withrespectto arandom rankr may include
r columns.

In this example, the transformed rank 2 codebook may be
expressed by the following Equation 20:

{ék}k=1? LN {thh([RaIICkﬁlRa;Ck,z Ry ,])
Fiet, . X102,

a,a,, ...,a=1or?2

{Cohrmr, . v {Orth([T(R, 3 ) TRy Cr2) - - - T(R,,,

Cﬁc;)])}ﬁc:l,. V.

expressed by the following Equation 15: a,d, ...,a=1or?2 (20).
{ Riﬁvcl Riﬁvcl,mz R%’chlpl Réﬁvcl,wm } _{ diag{la L vy, vy }Vf:l (15)
IR ?ve il IR ve well IRy *ve il IR ve, well ) | ||diagll, 1, VX, VX ]

L1LVy. \/;}Vq,wfz diag{ Vy .

=

)
*~}VC1,NIZ

L1, Vx, \/;}Vcl,wszj H‘fiﬂg{@a V.1,

“}VCHH

Another Scheme to Transform a Codebook in Greater than
Equal to Rank 2

In a rank greater than or equal to rank 2, a codebook may be
transformed using other schemes in addition to the aforemen- 4
tioned schemes.

For example, in the case of rank 2, a base codebook C of
rank 2 may include N codewords. A codeword Ck denotes an
Ntx2 matrix and includes 2 vectors. The codeword Ck may be
expressed by the following Equation 16:

or

45

Cr=[c; 16 0] fork=1... N (16).

The transformed codebook ék may be obtained according
to the following Equation 17:

50

ékzﬂrth([Rlek,, 1R2x"3;:,2])>x =1,12, (17).

Here, orth(A) denotes a result that 1s obtained by perform-
ing an orthogonality with respect to a matrix A.

Accordingly, the transformed codebook may be expressed
by the following Equation 18:

{Ck};c—l
Ry Cr o) )}k—l

55

| . ,.é'\ﬂ’{m'th([R 1 Cre 1
- nx=1%,

(18)

Generally, where codewords included 1n a first codebook
include at least two vectors, the first codebook may be trans-
formed to a second codebook by making at least two corre-
lation matrices that correspond to the at least two vectors,
respectively. For example, where T(R, ¢,) 1s defined as a
transtformed vector ¢, based on a correlation matrix R, a
transformed rank 2 codebook may be expressed by the fol-
lowing Equation 19:

{ék}k:L L .,P‘ur:{ﬂrth([T(Rllck?l)T(REJC;C?E)])}&:L .N

60

65

(19).

] :~}VC1,1 Ciag{\/;,, \/;, l,
Hc'lag{\{_ \{;

i}Vq,szH ,:

E

As described above, where the transtormed codebook 1s
generated by the base station and the terminal, the terminal

may select a preferred vector or a preferred matrix based on

the transformed codebook, and may feed back, to the base

station, information associated with the preferred vector or
the preferred matrix. For example, information associated
with the preferred vector or the preferred matrix may include
information associated with an index of the preferred vector

or the preferred matrix among codewords included in the
transformed codebook.

Where information associated with the preterred vector or
the preferred matrix 1s fed back from the terminal to the base
station, the base station may determine a precoding matrix.
The base station may precode at least one data stream using
the precoding matrix.

Examples of a Base Codebook to Generate a Transtformed
Codebook

The transtormed codebook may vary according to the base
codebook C, or the subset C, and the subset C,. Hereinafter,

specific examples of the base codebook C, or the subset C,
and the subset C, used to generate the transformed codebook

will be described.

The base codebook C, or the subset C, and the subset C,

may be obtained from a 3-bit rank 1 codebook with respect to
two transmit antennas, defined 1n an IEEE 802.16e standard,

and may be expressed by the following Equation 21:
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(21)
Cy
Index
1 2 6 7
1.0000 0.7940 0.3289 0.5112
0 —0.5801 + 0.18181 0.6614 + 0.67401 04754 - 0.71601
C2=
Index
3 4 5 8
0.7940 0.7941 0.7941 0.3289

0.0576 + 0.60511 —-0.2978 — 0.52981

0.6038 + 0.06891

—-0.8779 — 0.34811

In this example, the index denotes a codeword included in

the base codebook C. For example, a codeword of an index 6

—-0.7103 + 0.13261
—-0.2350 - 0.14671
0.1371 + 0.48931

—0.2698 — 0.56681
0.5957 + 0.15781
0.1587 - 0.24111

The base codebook C, or the subset C, and the subset C,
may be obtained from a 6-bit rank 1 codebook with respect to

0.2058 — 0.13691
—-0.5211 + 0.08331
0.6136 — 0.37551

20
indicates V., ¢, and a codeword ot an index 8 indicates V-, 4.
The base codebook C, or the subset C, and the subset C
may be obtained from a 3-bit rank 1 codebook with respect 0
four transmit antennas, defined 1n the IEEE 802.16¢ standard,
and may be expressed by the following Equation 22:
(22).
C1=
Index
1 4 5 6
1.0000 0.3780 0.3780 0.3780
0 0.2830 - 0.09401 —-0.0841 + 0.64781 0.5247 + 0.35321
0 0.0702 - 0.82611 0.0184 + 0.04901 04115 +0.18251
0 —-0.2801 + 0.04911  -0.3272 - 0.56621 0.2639 + 0.42991
C2=
Index
2 3 7 8
0.3780 0.3780 0.3780 0.3780

0.0618 — 0.3332i
—-0.3456 + 0.50291
—-0.5704 + 0.21131

45

four transmit antennas, defined in the IEEE 802.16e standard,
and may be expressed by the following Equation 23:

(23).
Cl=
Columns 1 through 4
Index:
36 54 20 30

0.5015 - 0.00001 0.4382 0.6803 — 0.00001 0.3227 + 0.00001

—-0.2862 + 0.44161 —-0.3935 - 045001  -0.2432 + 054311 -0.1524 + 0.19591
—-0.2457 + 0.23661 0.0606 + 0.50881  —0.1269 + 0.25444 0.7728 — 0.14451
-0.4112 +0.43141 0.4314 - 0.04431  -0.2626 — 0.18251 04423 +0.14311
Columns 5 through &
Index:
39 52 47 57
0.4801 0.8936 — 0.00001 0.5949 0.6570

—0.4788 + 0.54641 —0.1516 + 0.11541 0.1558 — 0.23491 0.1885 - 0.24541



0.3126 + 0.23771
—-0.2036 + 0.21471

19

US 8,649,455 B2
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(23).

—-0.1195 - 0.09351
0.0609 — 0.37211

0.6701 - 0.12641
—-0.0562 - 0.31391

Columns 9 through 12
Index:

-0.4445 + 0.17721
0.2727 +0.41151

16

0.6264
0.1145 - 0.14401
0.0745 - 0.32161

—0.2058 — 0.65001

22

0.2019 - 0.00001
0.8742 — 0.14941
—0.1557 + 0.18421
0.2608 — 0.21571

11

0.6040 + 0.00001
0.0823 +0.32791
0.7147 + 0.06001
—-0.0624 + 0.05111

Columns 13 through 16
Index:

0.5000
0.0000 + 0.50001
—0.5000 + 0.00001
—0.0000 - 0.50001

29

0.7339 + 0.00001
0.0574 + 0.081%91
—0.6296 + 0.02931
0.2104 - 0.09901

28

0.5254 + 0.00001
0.3940 - 0.28031
0.1817 - 0.46171
—-0.4845 - 0.09531

21

0.2752 - 0.00001
0.1655 - 0.35601
—-0.0849 + 0.36181
0.2054 + 0.76801

Columns 17 through 20
Index:

46

0.3064 — 0.00001
—-0.2241 + 0.35781
—-0.0062 - 0.60701

0.5974 + 0.05061

0.4529 — 0.00001
—-0.0059 - 0.32201
0.5830 + 0.36661

0.4656 + 0.00821

33

0.4765 — 0.00001
0.6113 + 0.51461
—-0.1360 + 0.30501

—-0.1513 - 0.00591

12

0.6378 — 0.00001
—-0.1356 - 0.28271
—-0.2834 - 0.31881

—-0.1532 + 0.53811

Columns 21 through 24
Index:

56

0.5604
0.4187 + 0.42541
0.3390 + 0.05021

—-0.4326 - 0.15821

40

0.2819 + 0.00001
0.3243 - 0.08271
0.1090 — 0.25421
—0.7259 + 0.4528%1

42

0.1669
—-0.5821 + 0.03611
0.2189 + 0.76041
0.0603 + 0.04631

26

0.3377 - 0.00001
—-0.0557 - 0.2152
—0.5304 + 0.61841

0.3649 - 0.19921

Columns 25 through 28
Index:

52

0.2051 + 0.00001
—-0.1721 + 0.03521
—-0.1656 - 0.11001
—-0.9339 - 0.12411

59

0.2846 — 0.00001
0.2029 + 0.04011
0.7669 — 0.00531
—-0.5189 - 0.13761

27

0.6259 + 0.00001
—-0.1124 + 0.30861
0.4073 - 0.21161
0.1762 + 0.50871

19

0.3299 + 0.00001
—-0.1036 - 0.57041
0.3322 - 0.09141
—-0.2763 - 0.60001

63

0.8254 — 0.00001
-0.1916 - 0.01971
04524 - 0.12771
0.2452 - 0.02391

Columns 29 through 32
Index:

0.3210 - 0.00001
0.2484 — 0.60061
—-0.4694 — 0.08511
—0.2080 + 0.4514

17

0.4733 + 0.00001
—-0.0350 + 0.43191
—-0.6206 + 0.42101
—0.1480 + 0.06271

0.5261 - 0.00001
0.4578 + 0.13941
—-0.1299 + 0.46631
0.1388 + 0.4904

0.4175 + 0.00001
—-0.8206 — 0.08121
—-0.0466 — 0.13241
—-0.3040 + 0.18331

C2=
Columns 1 through 4
Index:
4 6 7 8
0.5034 — 0.00001 0.1673 — 0.00001 0.2104 0.7564 — 0.00001

—-0.1137 + 0.30831

—-0.8917 - 0.26671

—-0.1630 - 0.16341

0.2752 + 0.4443]

20



0.0057 + 0.06331
—-0.3257 - 0.72701
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(23).

0.1501 + 0.23901
0.1110 + 0.11771

0.2089 + 0.39311
0.1898 — 0.81751

Columns 5 through &
Index:

0.1752 + 0.11381
—0.0804 + 0.32331

10

0.3436 + 0.00001
0.4401 + 0.06591
—-0.5671 - 0.03231
0.5583 - 0.22281

13

0.6384 + 0.00001
0.3738 + 0.13321
-0.3179 - 0.30151
0.1650 — 0.46451

14

0.1963 - 0.00001
0.0907 + 0.07261
0.5718 + 0.78281
0.0911 + 0.00311

Columns 9 through 12
Index:

15

0.6758 + 0.00001
—-0.5192 - 0.07851
0.1093 - 0.33121
0.1449 + 0.35341

18

0.4043 + 0.00001
—-0.5936 - 0.17421
0.4292 — 0.06651
0.5012 +0.11851

23

0.4851 - 0.00001
—-0.4030 + 0.27701
0.3314 + 0.45021
—-0.1667 — 0.43031

24

0.5810 + 0.00001
0.1118 + 0.12801
—-0.0460 - 0.02351
—-0.0396 + 0.79331

Columns 13 through 16
Index:

25

0.4697 + 0.00001
0.8119 + 0.05351
—-0.0709 - 0.22731
—-0.1535 - 0.19244

31

0.3597 + 0.00001
—-0.2780 — 0.49071
0.2756 — 0.53821
—-0.3834 + 0.19981

33

0.1759 + 0.00001
—-0.0345 + 0.10741
—-0.5177 + 0.53011
—0.3808 + 0.51211

34

0.1191 + 0.00001
—-0.8248 + 0.11531
—-0.0024 - 0.453061

0.2507 + 0.15331

Columns 17 through 20
Index:

35

0.6621 + 0.00001
—-0.2524 - 0.204061
0.3214 + 0.1314
0.1376 — 0.56261

37

0.1614 — 0.00001
0.5947 + 0.45811
—-0.1229 - 0.00331
—-0.5490 - 0.30631

3%

0.4525 + 0.00001
0.3386 — 0.4038:
—0.0663 + 0.48651
0.4931 - 0.18261

41

0.7411 + 0.00001
0.5741 + 0.07641
—-0.2356 + 0.04991
0.2345 + 0.04741

Columns 21 through 24
Index:

43

0.3285 — 0.00001
—-0.1896 + 0.01971
0.1262 — 0.51801
0.0010 + 0.75591

44

0.8612
0.3610 + 0.08711
0.2273 — 0.20231

—-0.0091 - 0.16661

45

0.4722
-0.1616 - 0.21071
—-0.7948 + 0.10711
—0.1053 + 0.22891

48

0.7806
—-0.4453 + 0.06261
-0.4039 - 0.05131
—-0.1043 + 0.10891

Columns 25 through 2%
Index:

49

0.2386 + 0.00001
0.0441 + 0.27021
—-0.1984 - 0.4442,
0.0128 — 0.79451

50

0.2363
0.5887 — 0.26111
0.3818 + 0.58791
0.1613 — 0.10971

51

0.7098
—-0.6699 + 0.02631
0.1180 + 0.08721
0.0780 — 0.13811

55

0.1984 - 0.00001
—-0.3459 + 0.47141
0.1675 — 0.10881
—0.2862 + 0.70501

Columns 29 through 32
Index:

58

0.1785 + 0.00001
0.4083 + 0.56731
0.1165 - 0.52111
0.4406 — 0.00861

60

0.9340
0.0187 + 0.04501
—-0.0862 — 0.14451
0.1595 + 0.26741

01

0.3029 + 0.00001
0.3968 — 0.24601
—-0.3833 - 0.53941
-0.3261 - 0.38221

02

0.1683 — 0.00001
—-0.0101 + 0.36061
—-0.8263 + 0.08501

0.3460 — 0.17861

04

0.4508 — 0.00001
—-0.3115 - 0.32051
—-0.3590 - 0.35051
—0.5872 +0.02311

22
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The base codebook C, or the subset C, and the subset C, _continued
may be obtained from a 3-bit rank 1 codebook with respect to
two transmit antennas, defined 1n an IEFE 802.16m standard., (24).
and may be expressed by the following Equation 24: -
2=
3 Index
3 4 7 8
(24).
C,= 0.7071 0.7071 0.7071 0.7071
Index 10 0+ 0.70711 0-0.70711 -0.5000 + 0.50001 0.5000 - 0.50001
1 2 5 6
A o - - The base codebook C, or the subset C, and the subset C,
0.7071 07071 0.5000 + 0.5000i  —0.5000 — 0.5000i may be obtained from a 4-bit rank 1 codebook with respect to
four transmit antennas, defined 1n the IEEE 802.16m stan-
dard, and may be expressed by the following Equation 23:
(25).
Cl=
Columns 1 through 4
Index:
1 2 3 4
0.5000 0.5000 —0.5000 —0.5000
0.5000 —0.5000 —0.5000 0.5000
0.5000 0.5000 0.5000 0.5000
0.5000 —0.5000 0.5000 —0.5000
Columns 5 through &
Index:
5 6 7 &
0.5000 0.5000 —0.5000 —0.5000
0 + 0.50001 0 - 0.50001 0 — 0.50001 0 + 0.50001
0.5000 0.5000 0.5000 0.5000
0 + 0.5000i 0 - 0.5000i 0 + 0.5000i 0 - 0.5000i
C2=
Columns 1 through 4
Index:
9 10 11 12
0.5000 0.5000 0.5000 0.5000
0.5000 0 + 0.50001 —0.5000 0 — 0.50001
0.5000 —0.5000 0.5000 —0.5000
—0.5000 0 + 0.50001 0.5000 0 - 0.50001
Columns 5 through 8
Index:
13 14 15 16
0.5000 0.5000 0.5000 0.5000
0.3536 + 0.35361 —0.3536 + 0.35361 —0.3536 — 0.35361 0.3536 - 0.35361
0 + 0.50001 0 — 0.50001 0 + 0.50001 0 — 0.50001

—-0.3536 + 0.353061

0.3536 + 0.35361 0.3536 — 0.35361 —-0.3536 — 0.35361
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FIG. 3 1llustrates an exemplary method of transforming a
codebook by a base station and a terminal.

In 311, the base station transmits a well-known signal to the
terminal. In 321, the terminal calculates a channel matrix
between the terminal and the base station.

In 322, the terminal decomposes the channel matrix into at
least two subchannel matrices. In 323, the terminal calculates
at least two correlation matrices corresponding to the at least
two subchannel matrices.

According to an exemplary embodiment, operation 322
may include decomposing the channel matrix into the at least
two subchannel matrices based on at least one polarization of
transmit antennas installed in the base station, or at least one
polarization of at least one receive antenna installed in the
terminal. In some embodiments, 322 may be omitted, and in
323 the terminal may calculate a correlation matrix that cor-
responds to the channel matrix.

Although not shown 1n FI1G. 3, the terminal may normalize
a power of sub blocks included 1n each of the at least two
correlation matrices, using normalization factors, and gener-
ate information associated with the normalization factors.

In 324, the terminal transforms a codebook using the at
least two correlation matrices.

In 325, the terminal generates information for the transmait-
ter to reconstruct the at least two correlation matrices so that
the base station may also transform the codebook.

Information for the transmitter to reconstruct the at least
two correlation matrices may include information associated
with f{a: - f{aﬂ, f{a: ., and ¥ _, which 1s described above with
reference to the above Equation 7.

In 326, the terminal feeds back information associated with
ﬁa,ll! ﬁa:ﬂ, ﬁa?l ~, and vy to the base station as information
associated with the least two correlation matrices.

In 312, the base station reconstructs or verifies the at least
two correlation matrices based on information associated
with f{m s f{aﬂzzj f{ﬂ!lz, and . In 313, the base station trans-
forms the codebook based on the reconstructed or verified at
least two correlation matrices. Using the above information
the base station can transform the codebook of the base sta-
tion such that the codebook transformed by the base station 1s
the same as the adapted codebook transformed by the termi-
nal.

In the above described exemplary method, the terminal
decomposes the channel matrix into at least two subchannel
matrices and the terminal calculates at least two correlation
matrices corresponding to the at least two subchannel matri-
ces. In some embodiments, the terminal can calculate a cor-
relation matrix that corresponds to the subchannel matrix.
The terminal may then feed back information associated with
the correlation matrix for the base station to reconstruct. A
codebook stored in the memory of the terminal can be adap-
tively transformed by the terminal, based upon the correlation
matrix, and a codebook stored in the memory of the base
station can be transformed based upon the correlation matrix.

FI1G. 4 1llustrates an exemplary terminal 400.

The terminal 400 includes a memory 410, a channel matrix
calculator 420, a correlation matrix calculator 430, a power
normalization unit 440, an information generator 450, a feed-
back unit 460, and a codebook transformation unit 470.

A codebook to be transformed may be stored in the
memory 410. For example, a base codebook defined 1n an
IEEE 802.16e standard, an IEEE 802.16m standard, and the
like may be stored 1n the memory 410.

The channel matrix calculator 420 may calculate a channel
matrix between the terminal 410 and a base station (not
shown). The channel matrix calculator 420 may decompose
the channel matrix 1into one or more subchannels, for
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example, one subchannel matrix, two subchannel matrices,
three subchannel matrices, or more. In this example, the chan-
nel matrix 1s decomposed 1nto at least two subchannel matri-
ces.

The correlation matrix calculator 430 may calculate at least
two correlation matrices corresponding to at least two sub-
channel matrices. The power normalization unit 440 may
normalize a power of sub blocks included in each of the at
least two correlation matrices, using normalization factors.

The information generator 450 may generate information
for the transmitter to reconstruct the at least two correlation
matrices that are associated with the plurality of sub blocks
included in each of the at least two correlation matrices. For
example, information for the transmitter to reconstruct the at
least two correlation matrices may include information asso-
ciated with a sum or an average between a plurality of sub
blocks included 1n a particular matrix, and another plurality of
sub blocks included 1n at least one other correlation matrix.
Information for the transmitter to reconstruct the at least two
correlation matrices may include information associated with
the normalization factors. For example, information associ-
ated with the normalization factors may be information asso-
ciated with at least one value used to unity the normalization
factors.

The feedback unit 460 may feed back, to the base station,
information for the transmitter to reconstruct the at least two
correlation matrices.

The codebook transformation unit 470 may transform a
codebook that 1s stored in the memory 410. For example,
where a first codebook 1s stored in the memory 410, the
codebook transformation unit 470 may transform the first
codebook to a second codebook. Also, the base station may
verily at least two correlation matrices based on information
for the transmitter to reconstruct the at least two correlation
matrices. The base station may transform a first codebook
stored 1n the memory of the base station, to a second code-
book that 1s the same as the second codebook of the terminal.

FIG. 5 1llustrates an exemplary base station 500.

The base station 500 includes an information receirver 510,
a correlation matrix recognition unit 520, a codebook trans-
formation unit 530, and a precoder 540.

The information recerver 510 may receive information
associated with one or more correlation matrices correspond-
ing to one or more subchannel matrices that are included in a
channel matrix between a terminal (not shown) and the base
station 500. In this example the information receirver 510
receives mnformation associated with at least two subchannel
matrices. As described above, information for the transmaitter
to reconstruct the at least two correlation matrices may
include information associated with ﬁa,l s f{a,zz, f{a!l ,, and
La:
The correlation matrix recognition unit 520 may recognize
the at least two correlation matrices based on the received
information that the transmitter may use to reconstruct the at
least two correlation matrices.

The codebook transformation unit 530 may transform a
pre-stored codebook, for example, a first codebook or a base
codebook.

The precoder 540 may generate a precoding matrix based
on the transformed codebook, and precode at least one data
stream using the precoding matrix.

The methods described above including a terminal and
base station commumication method may be recorded, stored,
or fixed in one or more computer-readable storage media that
includes program instructions to be implemented by a com-
puter to cause a processor to execute or perform the program
instructions. The media may also include, alone or 1n combi-
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nation with the program instructions, data files, data struc-
tures, and the like. Examples of computer-readable media
include magnetic media such as hard disks, floppy disks, and
magnetic tape; optical media such as CD ROM disks and
DVD; magneto-optical media such as optical disks; and hard-
ware devices that are specially configured to store and per-
form program instructions, such as read-only memory
(ROM), random access memory (RAM), flash memory, and
the like. Examples of program instructions include both
machine code, such as produced by a compiler, and {iles
contaiming higher level code that may be executed by the
computer using an interpreter. The described hardware
devices may be configured to act as one or more software
modules 1n order to perform the operations and methods
described above, or vice versa. In addition, a computer-read-
able storage or recording medium may be distributed among
computer systems connected through a network and com-
puter-readable instructions or codes may be stored and
executed 1n a decentralized manner.

As described herein, a number of exemplary embodiments
may be applied in the downlink and the uplink. For example,
in the downlink, the base station may be a ‘transmuitter’ and
the terminal may be a ‘receiver’. On the other hand, 1n the
uplink, the base station may be a ‘receiver’, and the terminal
may be a ‘transmuitter’.

As a non-exhaustive illustration only, the terminal device
described herein may refer to mobile devices such as a cellu-
lar phone, a personal digital assistant (PDA), a digital camera,
a portable game console, and an MP3 player, a portable/
personal multimedia player (PMP), a handheld e-book, a
portable lab-top PC, a global positioming system (GPS) navi-
gation, and devices such as a desktop PC, a high definition
television (HDTV), an optical disc player, a setup box, and
the like capable of wireless communication or network com-
munication consistent with that disclosed herein.

A number of exemplary embodiments have been described
above. Nevertheless, 1t will be understood that various modi-
fications may be made. For example, suitable results may be
achieved 11 the described techniques are performed 1n a dii-
ferent order and/or 1 components 1n a described system,
architecture, device, or circuit are combined 1n a different
manner and/or replaced or supplemented by other compo-
nents or their equivalents. Accordingly, other implementa-
tions are within the scope of the following claims.

What 1s claimed 1s:

1. A communication method of a recerver, comprising:

calculating a channel matrix between the recerver and a

transmitter;

calculating one or more correlation matrices correspond-

ing to the channel matrix between the receiver and the
transmitter;

teeding back information for the transmitter to reconstruct

the one or more correlation matrices:

transforming a first codebook to a second codebook using

the one or more correlation matrices:

selecting a preferred vector or a preferred matrix using the

second codebook; and

feeding back, to the transmitter, information associated

with the preferred vector or the preferred matrix,
wherein

calculating the channel matrix comprises:

decomposing the channel matrix into at least two sub-
channel matrices, and

calculating at least two correlation matrices that corre-
spond to the at least two subchannel matrices.

2. The method of claim 1, wherein the decomposing com-
prises decomposing the channel matrix into the at least two
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subchannel matrices 1s based on at least one of the polariza-
tion of one or more transmit antennas installed 1n the trans-
mitter, and the polarization of one or more receive antennas
installed 1n the recever.

3. The method of claim 1, further comprising:

decomposing each of the one or more correlation matrices

into a plurality of sub blocks;

normalizing a power of the sub blocks included 1n each of

the one or more correlation matrices using normaliza-
tion factors; and

teeding back to the transmitter information associated with

the normalization factors.

4. The method of claim 3, further comprising;

unifving the normalization factors into at least one value to

generate information associated with the normalization
factors.

5. The method of claim 1, further comprising:

generating mformation for the transmitter to reconstruct

the at least two correlation matrices that are associated
with a plurality of sub blocks included in each of the at
least two correlation matrices.
6. The method of claim 5, wherein the generating com-
prises calculating a sum or an average between a plurality of
sub blocks included in a particular correlation matrix, and
another plurality of sub blocks included 1n at least one other
correlation matrix, to generate information for the transmaitter
to reconstruct the at least two correlation matrices.
7. The method of claim 5, wherein the generating com-
prises generating information for the transmitter to recon-
struct the at least two correlation matrices using a symmetry
of each of the at least two correlation matrices.
8. The method of claim 1, wherein the feeding back com-
prises feeding back information for the transmitter to recon-
struct the one or more correlation matrices so that the trans-
mitter transforms a first codebook to a second codebook.
9. The method of claim 1, wherein the feeding back of the
information for the transmitter operation includes transmit-
ting the mmformation, to the receiver, for the transmitter to
reconstruct the one or more correlation matrices.
10. A communication method of a transmitter, comprising;:
recerving information for the transmaitter to reconstruct one
or more correlation matrices corresponding to a channel
matrix between a receiver and the transmaitter;

recognizing the one or more correlation matrices using the
information received for the transmitter to reconstruct
the one or more correlation matrices:

transforming a first codebook to a second codebook using

the one or more correlation matrices; and

generating a precoding matrix using a preferred vector or a

preferred matrix of the recerver,

wherein the preferred vector or the preferred matrix 1s

selected among from the second codebook.

11. The method of claim 10, wherein the receiving com-
prises receiving information for the transmitter to reconstruct
at least two correlation matrices corresponding to at least two
subchannel matrices included 1n a channel matrix, and the
recognizing comprises recognizing the at least two correla-
tion matrices.

12. The method of claim 11, wherein the recognizing com-
prises recognizing the at least two correlation matrices using
a symmetry of each of the at least two correlation matrices.

13. The method of claim 11, wherein the information for
the transmitter to reconstruct the at least two correlation
matrices 1s associated with a sum or an average between a
plurality of sub blocks, included in a particular correlation
matrix, and another plurality of sub blocks, included 1n at
least one other correlation matrix.
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14. The method of claim 10, further comprising:

receiving imnformation associated with normalization fac-
tors that are used to normalize a plurality of sub blocks
included in each of the one or more correlation matrices.

15. The method of claim 14, wherein information associ-

ated with the normalization factors 1s associated with at least
one value used to unily the normalization factors.

16. A non-transitory computer-readable recording medium

storing a program to implement a method comprising:

calculating a channel matrix between a receiver and a
transmitter;

calculating one or more correlation matrices correspond-
ing to the channel matrix between the receiver and the
transmitter;

feeding back information for the transmitter to reconstruct
the one or more correlation matrices:

transforming a first codebook to a second codebook using
the one or more correlation matrices;

selecting a preferred vector or a preferred matrix using the
second codebook; and

feeding back, to the transmitter, information associated
with the preferred vector or the preferred matrix,
wherein

calculating the channel matrix comprises:
decomposing the channel matrix into at least two sub-

channel matrices, and
calculating at least two correlation matrices that corre-
spond to the at least two subchannel matrices.

17. A recerver comprising:

a channel matrix calculator to calculate a channel matrix;

a correlation matrix calculator to calculate one or more
correlation matrices corresponding to the channel
matrix between the recetver and a transmitter;

a feedback unit to feed back information for the transmaitter
to reconstruct the one or more correlation matrices;

a codebook transformation unit to transform a first code-
book to a second codebook using the one or more cor-
relation matrices; and

a selector to select a preferred vector or a preferred matrix
using the second codebook; wherein:

the feedback unit feeds back, to the transmitter, informa-
tion associated with the preferred vector or the preferred
matrix,

the channel matrix calculator decomposes the channel
matrix into at least two subchannel matrices, and
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the correlation matrix calculator calculates at least two
correlation matrices that correspond to the at least two
subchannel matrices.

18. The recerver of claim 17, further comprising:

a power normalization unit to normalize a power of sub
blocks 1ncluded 1n each of the one or more correlation
matrices using normalization factors,

wherein the feedback unit feeds back information associ-
ated with the normalization factors.

19. The receiver of claim 17, further comprising:

an information generator to generate information for the
transmitter to reconstruct the one or more correlation
matrices that are associated with a plurality of sub
blocks 1ncluded 1n each of the one or more correlation
matrices.

20. The recerver of claim 17, wherein, where codewords
included 1n the first codebook include at least two vectors, the
codebook transformation unit transforms the first codebook
to the second codebook by making at least two correlation
matrices of the one or more correlation matrices, correspond
to the at least two vectors.

21. A transmitter comprising:

an iformation recetver to recerve miformation for the
transmitter to reconstruct one or more correlation matri-
ces corresponding to a channel matrix between a
recerver and the transmitter:;

a correlation matrix recognition unit to recognize the one
or more correlation matrices using the mformation for
the transmuitter to reconstruct the one or more correlation
matrices;

a codebook transformation unit to transform a first code-
book to a second codebook using the at least two corre-
lation matrices; and

a precoder to generate a precoding matrix using a preferred
vector or a preferred matrix of the receiver,

wherein the preferred vector or the preferred matrix 1s
selected among from the second codebook.

22. The transmitter of claim 21, further comprising;:

a precoder to generate a precoding matrix using the second

codebook.

23. The transmitter of claim 21, wherein, where codewords
included 1n the first codebook include at least two vectors, the
codebook transformation unit transforms the first codebook
to the second codebook by making at least two correlation
matrices ol the one or more correlation matrices, correspond
to the at least two vectors, respectively.
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